Rescattering Contributions to Final State Interactions in (e,e'p)
  Reactions at High (p_m,E_m) by Barbieri, C. & Lapikas, L.
ar
X
iv
:n
uc
l-t
h/
04
01
01
0v
1 
 7
 Ja
n 
20
04
c© submitted to 6th Workshop on “e-m induced Two-Hadron Emission”,Pavia, 2003. October 24, 2018 – 1
TRIUMF preprint: TRI-PP-03-39
Rescattering Contributions to Final State Interactions
in (e, e′p) Reactions at High (pm, Em)
C. Barbieri1, ∗ and L. Lapika´s2
1TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, Canada V6T 2A3
2NIKHEF, P.O. Box 41882, 1009 DB Amsterdam, The Netherlands
The contribution of rescattering to final state interactions in the (e, e′p) cross section
is studied using a semiclassical model. This approach considers a two-step process with
the propagation of an intermediate nucleon and uses Glauber theory to account for the
reduction of the experimental yield due to N–N scattering. This calculation has relevance
for the analysis of data at high missing energies and in particular at the kinematics of
the E97-006 experiment done at JLab. It is found that rescattering is strongly reduced in
parallel kinematics and that the excitation of nucleon resonances is likely to give important
contributions to the final state interactions in the correlated region. For heavy nuclei, further
enhancement to the rescattering is expected to be generated from the strength in the mean
field region.
1. INTRODUCTION
Nuclear correlations strongly influence the dynamics of nuclear systems. In particular, the
repulsive core at small internucleon distances has the effect of removing the nucleons from their
shell model orbitals, producing pairs of nucleons with high and opposite relative momenta. This
results in spreading out a sizable amount of spectral strength, about 10-15% [1], to very high missing
energies and momenta and in increasing the binding energy of the system [2]. This reduction appears
to be fairly independent of the given subshell and on the size of the nucleus, except for a slight
increase with the central density of the systems [3]. This is also in line with the existence of two
nucleon substructures, similar to the deuteron and independent on the atomic mass, that have been
discussed in Ref. [4] using the variational approach and have been found to be driven by short-range
and tensor correlations. Theoretical studies of the distribution of short-range correlated nucleons
for finite nuclei have been carried out in Ref. [5] and by Benhar et al. [6]. These calculations
suggest that most of this strength is found along a ridge in the momentum-energy plane (k-E)
which spans several hundreds of MeV/c (and MeV). The most probable energy is the one of a free
moving nucleon but shifted by a constant term that represents the average two-nucleon separation
energy for that pair. It is important to note that the depletion of single particle orbitals observed
near the Fermi energy is more substantial than the 15% reduction discussed above [7]. This is
mostly due to long-range effects and cannot be understood in terms of short-range correlations
alone [3]. A proper description of the spectral function at low missing energies usually requires
the coupling of the single particle motion to low-energy collective modes (see for example Ref. [8]).
However, a proper knowledge of short-range effects remains of great importance for understanding
of nuclear systems. In particular the details of the strength distribution at high missing energy
strongly influence the binding energy of finite nuclei and nuclear matter [2]. Hence, the importance
determining this distribution experimentally.
Signatures of correlations have been found in the 16O(e, e′pp) reaction, where it has been seen
that the transition to the ground state of 14C is dominated by short-range effects [9]. Two-nucleon
emission reactions have the capability of probing the correlated pair directly, therefore obtaining
information on short-range correlation already at low missing energies [10]. Moreover the effects
of collective excitations and final state interactions (FSI) represent other important ingredients
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FIG. 1: Schematic representation of the direct knockout of a proton, given by the PWIA (left) and the
contribution from a two-step rescattering (right). In the latter a proton or neutron is emitted with momentum
~pa and different missing energy and momentum (E
′
m, ~p
′
m). Due to a successive collision, a proton is finally
detected with the same momentum ~pf seen in the direct process.
to which the two-nucleon emission cross sections are sensitive [11, 12, 13]. Given the richness of
information that can be accessed, one can expect that further studies of two-nucleon emission –
both theoretically and experimentally– are likely have an important impact on the understanding
of nuclear structure.
For a long time (e, e′p) reactions have provided a useful tool to determine the nuclear spectral
functions at small missing energy. However, past measurements in the region of interest to short-
range correlations have been limited due to the enormous background that is generated by final
state interactions, see for example Ref. [14]. The issue of how to minimize the FSI has been
addressed in Ref. [15]. There, it is shown that FSI in exclusive (e, e′p) cross sections are dominated
by two-step processes like the one depicted in Fig. 1. This becomes particularly relevant when
perpendicular kinematics are employed to probe the regions of small spectral strength. Other
important contributions are expected to come from (e, e′∆) reactions followed by the decay of the
∆ resonance. A study of the kinematic conditions shows that for perpendicular kinematics the
rescattered nucleons move spectral strength in the k-E plane, from the top of the ridge toward
regions where the correlated strength is small, therefore submerging the direct signal in a large
background noise. In Ref. [15], it was suggested that the contribution of rescattering can be
diminished in parallel kinematics. New data was subsequently taken in these conditions at Jefferson
Lab [16, 17]. We also note that a similar trend of the FSI with respect to the kinematics is also in
line with the prediction of Ref. [18] for (e, e′NN) reaction in superparallel kinematics.
The theoretical calculation of the rescattering yield has been addressed in Ref. [19]. This calcu-
lation was based on the semiclassical model of Ref. [20] and intended to be applied at lower missing
energies. This contribution reports about an ongoing work aimed to extend these calculations
to the kinematics of interest for the study of short-range correlations. The model of Ref. [19] is
discussed and extended to a relativistic notation in Sec. 2. First results for the kinematics of the
Jefferson Lab data are shown in Sec. 3.
2. MODEL
At large Em appreciable contributions to the experimental yield come from two-step mechanisms,
in which a reaction (e, e′a) is followed by a scattering process from a nucleon in the nuclear medium,
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N ′(a, p)N ′′, eventually leading to the emission of the detected proton. In general, a may represent
a nucleon or another possible intermediate particle, as a ∆ excitation. In the following we will also
use the letter a to label the possible open channels.
Following the semiclassical approach proposed in Refs. [19, 20], the contribution to the cross
section coming from rescattering through the channel a is written as
d6 σ
(a)
rescat
dE0 dΩkˆodEf dΩpˆf
=
∫
V
d~r1
∫
V
d~r2
∫ ω
0
dTaρN (~r1)
K ShN(p
′
m, E
′
m) σ
cc1
eN
A (~r1 − ~r2)2
gaN ′(|~r1 − ~r2|)
×PT (pa, ~r1, ~r2)ρN ′(~r2)
d3 σaN ′
dEf dΩpˆf
PT (pf , ~r2,∞) , (1)
where (Eo, ~ko) and (Ef , ~pf ) represent the four-momenta of the outgoing electron and proton, respec-
tively. Eq. (1) assumes that the intermediate particle a is generated in PWIA by the electromagnetic
current at a point ~r1 inside the nucleus. Here K = |~pa|Ea is a phase space factor, S
h
N (p
′
m, E
′
m) is the
spectral function of the hit particle a and σcc1eN the off shell electron-nucleon cross section, for which
we have used the cc1 prescription of de Forest [21]. The pair distribution functions gaN ′(|~r1 − ~r2|)
that account for the joint probability of finding a nucleon N’ in ~r2 after the particle a has been
struck at ~r1. The kinetic energy Ta of the intermediate particle a is integrated up to the energy
ω transfered by the electron. The transparency factor PT (p,~r1, ~r2) gives the probability that the
struck particle a propagates to a second point ~r2, where it scatters from the nucleon N
′ with cross
section d3 σaN ′ . The whole process is depicted in Fig. 1.
In the calculation described in Sec. 3 we will only consider the channels in which a is either a
proton or a neutron. It is clear that other channels are expected to be important. In particular, the
excitation of the ∆ resonance is also seen to contribute from the preliminary data of the E97-006
experiment [16]. Moreover other channels involving the creation of pions are open at the kinematics
considered here.
Eq. (1) is a seven-fold integral that can be conveniently evaluated with Monte Carlo techniques,
once the terms in the integrand are known. The following subsections describe the calculation of
the cross section d3 σaN ′ and of the transmission probability PT .
A. Evaluation of the in-medium nucleon-nucleon rate
Eq. (1) requires the evaluation of the process in which the particle a, which could be either a
proton or a neutron, hits against a bound nucleon in its way out, eventually leading to the emission
of the detected proton. For the present purposes the spectral distribution of the hit nucleon, N ′,
can be appropriately described by the free Fermi gas distribution. The cross section is therefore
computed for a nucleon a travelling in symmetric nuclear matter at a given density ρNM . The effects
of the nuclear surface are eventually included in Eq. (1) using the local density approximation, that
is, by evaluating the cross section for the density at the point ~r2. Initially, the hit nucleon N
′
is in the Fermi sea and therefore must have a momentum ~h smaller than the Fermi momentum
kf = (3π
2ρNM/2)
1/3. At the same time the Pauli principle requires that the particles in the final
state will have momenta ~pf and ~l, both larger than kf . Among all the nucleons involved in the
process, ~pf will refer to the detected proton while the others can be either neutrons or protons
depending on the channel a.
The probability per unit time of an event leading to the emission of a proton with momentum
~pf is obtained by imposing the Pauli constraints and integrating over the unobserved momenta ~h
and ~l. Employing a relativistic notation,
d3P
dpfdΩpˆf
= 2 θ(pf − kf ) L
3
∫
L3
∫
L3
d~h d~l
(2π)6
θ(kf − h)θ(l − kf ) WI
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= 2 p2f θ(pf − kf )
∫
L3
d~h
(2π)3
θ(kf − h)θ(l − kf )
ma mh
Ea(pa)Eh(h)
(2)
×
|M(s, t, u)|2
4π2
mp ml
Ep(pf )El(l)
δ(Ea + Eh − Ef −El)
∣∣∣∣∣
~l=~pa+~hf−~pf
,
where L3 is the volume of a normalization box and EN (p) = (p
2 +m2N )
1/2. In Eq. (2), WI is the
probability per unit time for the event pµa+h
µ → pµf + l
µ which is expressed in terms of the Lorentz
invariant amplitudeM(s, t, u) [22]. In the present work, it is assumed that this is not appreciably
modified by the in-medium effects and therefore the on-shell values for |M(s, t, u)|2 were used [20].
These were extracted from the free scattering cross section generated by the SAID phase shift data
analysis [23].
It should also be noted that Eq. (2) is related to the inverse life time of the nucleon a by
1
τa
=
∫
dΩpˆf
∫
dpf
d3P
dpfdΩpˆf
, (3)
from which the nuclear transparency can be evaluated [20]. The in medium scattering rate is finally
related to Eq. (2) by
d3 σaN ′
dEf dΩpˆf
=
Ea
ρN ′pa
Ef
pf
d3P
dpfdΩpˆf
. (4)
B. Transparency factor
According to Glauber theory, the probability PT that a proton struck at ~r1 will travel with
momentum ~p to the point ~r2 without being rescattered is given by
PT (p,~r1, ~r2) = exp
{
−
∫ z2
z1
dz [gpp(|~r1 − ~r|) σ˜pp(p, ρ(~r)) ρp(~r) (5)
+ gpn(|~r1 − ~r|) σ˜pn(p, ρ(~r)) ρn(~r)]} ,
where the z axis is chosen along the direction of propagation ~p, an impact parameter ~b is defined
so that ~r = ~b + zpˆ, and z1 (z2) refer to the initial (final) position. The in medium total cross
sections σ˜pp(p, ρ) and σ˜pn(p, ρ) have been computed in Ref. [20] up to energies of 300 MeV and
account for the effects of Pauli blocking, Fermi spreading and the velocity dependence of the nuclear
mean field. For energies above 300 MeV these have been extended to incorporate effects of pion
emission [24]. We note that Eq. (5) differs from the standard Glauber theory by the inclusion
of the pair distribution functions gpN (|~r1 − ~r|). In principle, the gpN functions should depend on
the density and on the direction of the inter-particle distance. However, these effects has been
shown to be negligible in Ref. [20]. In the present application we find that a simple two-gaussian
parametrization of the gpN can adequately fit the curves reported in Ref. [20] for nuclear matter
at saturation density.
The nuclear transparency is defined, in Glauber theory, as the average over the nucleus of the
probability that the struck proton emerges from the nucleus without any collision. This is related
to PT by
T =
1
Z
∫
d~rρp(~r)PT (p,~r,∞) . (6)
in the case of an outgoing proton with energy Ef ∼ 1.8 GeV, which is of interest for the present
application, we find that T = 0.63 for 12C and T = 0.29 for 197Au.
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FIG. 2: Theoretical results for the reduced spectral strength in the correlated region obtained in parallel
(dashed line) and perpendicular (dot-dashed line) kinematics. The full line shows the model spectral function,
Eq. (7), employed in the calculations. All lines refer to a 12C target.
3. RESULTS
At energies close to the Fermi level the hole spectral function is dominated by its mean field
component. For 12C(e, e′p) these are orbitals in the s and p shells, are know experimentally and
represent about 60 % of the total distribution [25]. It is therefore convenient to split the spectral
function in a mean field and a correlated part,
Shp (pm, Em) = S
h
MF (pm, Em) + S
h
corr(pm, Em) , (7)
in which Shcorr(pm, Em) also contains the short-range correlated tail at very high missing energies
and momenta [5, 6]. In the following calculations we parametrize it as
Shcorr(pm, Em) =
C e−αpm
[Em − e(pm)]2 + [Γ(pm)/2]
(8)
where e(pm) and Γ(pm) are smooth functions of the missing momentum and the parameters were
chosen to give an appropriate fit to the available 12C(e, e′p) data in parallel kinematics [17]. The
solid line in Fig. 2 shows the model spectral function, Eq. (7), employed in the present calculations
for that part of the k-E plane where Shcorr dominates. The calculation with a gold target employed
the same Shcorr of Eq. (8) multiplied by 79/6 to account for the right number of protons. Since
no direct data is available for the mean field spectral function of 197Au we choose to employ the
spectral function recently measured at NIKHEF for the neighbour nucleus 208Pb [19], also rescaled
to the number of protons in gold.
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FIG. 3: Theoretical results for the reduced spectral strength of 12C obtained in parallel kinematics (dashed
line) compared to the experimental results of Ref. [17]. The full line shows the model spectral function of
Eq. (7) employed in the calculations.
We have performed calculations of the rescattering contribution by employing both parallel and
perpendicular kinematics. In the first case, the angle between the momentum transfered by the
electron and the momentum of the final proton was chosen to be ϑqf ∼ 5 deg and the energy of the
final proton was Ef ∼ 1.6 GeV. For the perpendicular kinematics, ϑqf ∼ 30 deg and Ef ∼ 1 GeV.
In both cases the four momentum transfered by the electron was Q2 ∼ 0.40 GeV2.
The results for the total cross section (σPWIA + σrescat) have been converted to a reduced
spectral function representation by dividing them by |pfEf |Tσ
cc1
eN , evaluated for the kinematics
of the direct process. This is coherent with the analysis carried out for the experimental data
discussed below [17]. Fig. 2 shows the results from Eq. (1) for 12C in both kinematics. As can
be seen, FSI from nucleon-nucleon rescattering give little contribution to the total cross section
in parallel kinematics, and the resulting reduced spectral function is close to the true one. For
perpendicular kinematics, more sizable contributions are found and they tend to fill the region
at higher missing energies, where the spectral function is small. This confirms the trend of FSI
expected for parallel kinematics that strength is primarly moved from places where Sh(pm, Em) is
small to places where it is large, thus giving a small relative effect [15].
Figures 3 and 4 compare the model spectral function (7) and the theoretical reduced one, with
preliminary results from the E97-006 collaboration in parallel kinematics [17]. In both cases, the
present model appears to be able to properly describe the contribution to FSI in the correlated
region. Moreover Fig. 4 shows that the effects of rescattering are more relevant for heavier nuclei,
if compared to the case of a small nucleus like 12C. An enhancement of the cross section is found
experimentally at very high missing energies and it is presumably generated by the excitation of
a ∆ resonance. This effect is not included in the present calculation yet. Contributions from
rescattering through this channel are expected to fill up the valley between the correlated and ∆
regions more substantially for heavier nuclei. Therefore, these additional degrees of freedom need
to be included in the present model.
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FIG. 4: Theoretical results for the reduced spectral strength obtained in parallel kinematics for 197Au
(dot-dashed line) compared to the relative experimental results of Ref. [17]. The curves are normalized to
the same number of protons in 12C and compared with the theoretical results in parallel kinematics for this
nucleus (dashed line). The full line shows the model spectral function of Eq. (7) employed in the calculations.
Figure 5 compares the present calculation for 12C to the experimental results in perpendicular
kinematics. Although the present model explains the strong enhancement of rescattering with
respect to the parallel case, see figure 2, it significantly underestimates the experimental data. In
this case the experimental data completely fill the valley between the correlated and ∆ regions,
suggesting that most of this discrepancy is a consequence of neglecting this degree of freedom.
Further contribution to the rescattering process can also come form the inclusion of pion effects in
the in-medium cross section, Eq. (4). These effects may be added to Eq. (2) by parametrrizing the
invariant Lorentz amplitudeM(s, t, u) in terms of the total NN cross section [26].
In principle, one should expect that the contribution of rescattering increases as A1/3 when
moving to heavier nuclei. However, the experimental data suggest that this is the case only for
light targets, as C, Al or Fe, while an excess of yield is obtained for Au [17]. To study the
origin of the rescattered strength, the calculations were repeated by neglecting the mean field part
ShMF in Eq. (7). In the case of
12C no appreciable difference was found for missing momenta
above 400 MeV, even in perpendicular kinematics. This shows that the rescattered strength seen
experimentally at these kinematics originates only from the correlated region itself. The situation
is different in the case of Au since for heavy nuclei the mean field spectral function extends to very
high missing energies (up to ∼100 MeV) and can therefore contribute to the experimental yield.
Figure 6 compares the theoretical reduced spectral strength of gold with the analogous result
obtained when the effects of ShMF are neglected. As one can see, relevant mean field contributions
appear already in parallel kinematics for momenta below 500 MeV/c, while the rescattering at
high missing momenta is still dominated by the correlated part Shcorr. One should note that since
little reliable experimental information for Shcorr is available to date, the correlated strength can
be extracted from the experimental data only in a self-consistent fashion. This of course requires
a proper treatment of the FSI. For heavy nuclei a proper description of the mean field strength is
also relevant and could explain the increase of rescattering with respect to A seen experimentally.
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FIG. 5: Theoretical results for the reduced spectral strength of 12C obtained in perpendicular kinematics
(dot-dashed line) compared to the experimental results of Ref. [17]. The full line shows the model spectral
function of Eq. (7) employed in the calculations.
4. CONCLUSIONS
This contribution reports about an ongoing work aimed to study the effects of final state interac-
tions in (e, e′p) reactions, as generated by rescattering effects. The two-step rescattering processes
that involve the intermediate propagation of a nucleon have been approached by using a semiclas-
sical model and preliminary calculations have been reported for 12C(e, e′p) and 197Au(e, e′p). It is
seen that the contributions from final state interactions increases with the mass number A of the
target. Moreover, for a given nucleus they are found to be much smaller in parallel kinematics than
in perpendicular ones. In the latter case a large amount of strength is shifted from regions where
the spectral function is big to regions where it is smaller, thus overwhelming the experimental yield
from the direct process. This confirms the studies of Ref. [15].
At Em > 250MeV the present experimental results in parallel kinematics exceed the calculated
direct plus rescattering contributions by about an order of magnitude. This discrepancy is visible
even at lower missing energies when perpendicular kinematics are considered. This is presumably
due to the excitation of ∆ resonances which requires higher energies, about ∼ 300 MeV more. The
subsequent decay of the ∆ can shift a sizable amount of strength toward lower missing energies,
eventually affecting the measurements in the correlated region. The inclusion of these effects in the
present model will be the topic of future work.
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